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Wemeasured the temporal summation properties of paired ﬂashes to investigate the temporal responses
of the chromatic channel in peripheral vision in comparison with those of the luminance channel. The
size of the stimulus was scaled according to the cortical magniﬁcation factor. The temporal response
was biphasic to complementary-chromatic pulse pairs, and was accelerated in peripheral vision in the
same way as luminance pulse pairs. On the other hand, the temporal response was monophasic to
same-chromatic pulse pairs, and was decelerated in the periphery. We proposed a model of the chromatic
channel in which biphasic and monophasic internal channels were arranged in parallel. The sensitivity of
the biphasic channel at high temporal frequency in the periphery was comparable to that in the fovea,
whereas the sensitivity of the monophasic channel at low temporal frequency in the periphery matched
that in the fovea. Similar results were obtained with pairs of ﬂashed chromatic Gabor patches with their
spatial frequencies scaled according to the cortical magniﬁcation factor. The inhibition phase of the
biphasic channel was degraded with the spatial carrier frequency of the Gabor patch. The properties of
the biphasic channel were consistent with the double duty hypothesis, while those of the monophasic
channel were consistent with the two-channel hypothesis. The biphasic channel may correspond to
the parvocellular pathway and the monophasic channel may reﬂect the properties of the koniocellular
pathway.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Our ability to see color and ﬁne spatial detail deteriorates in
the peripheral visual ﬁeld (Boynton, Schafer, & Neun, 1964; Gor-
don & Abramov, 1977; Stabell & Stabell, 1984; Wertheim, 1891).
However, most deterioration of visual function in the periphery
can be compensated by spatially scaling the stimuli at each ret-
inal eccentricity so that their representations in the primary vi-
sual cortex are equivalent (M-scaling). For example, the spatial
contrast sensitivity functions at various retinal eccentricities
overlap each other by scaling the size and the spatial frequency
of the sinusoidal grating stimuli based on M-scaling (Rovamo,
Virsu, & Näsänen, 1978). Similar results were obtained for color
vision such that color appearance (Abramov, Gordon, & Chan,
1991) and spectral sensitivity of red–green opponent response
(Hibino, 1992) in the periphery were recovered by M-scaling of
the stimuli.
As for the temporal properties, by M-scaling the stimulus size at
each eccentricity, the peak contrast sensitivity of the luminance
channel in the periphery can be equated. The temporal response
in the periphery, however, is faster than that in the fovea (Tyler,ll rights reserved.
Visual Science, University of
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asuda).1985). The acceleration of the luminance channel in the periphery
is consistent with the elevation of the critical ﬂicker frequency in
the periphery (Rovamo & Raninen, 1984). On the other hand, little
is known about the spatiotemporal characteristics of the chromatic
channel in the periphery. Noorlander, Koenderink, den Ouden, and
Edens (1983) found that chromatic contrast sensitivity in the
periphery was compensated by M-scaling, but their experimental
condition was limited to only 1 Hz in the temporal frequency
and 2 cycles in the spatial property.
Wiesel and Hubel (1966) found several distinct cell groups in
the lateral geniculate nuculeus. The type I cells show both spatial
and spectral opponency. On the other hand, the type II cells show
only spectral opponency. The same properties were found also in
the retinal ganglion cells (DeMonasterio, 1978; DeMonasterio &
Gouras, 1975). The double duty hypothesis that the type I cells in
the parvocellular pathway (PC cells) convey both luminance and
color information has been widely accepted as a model for the col-
or vision mechanism (Boycott & Wässle, 1999), whereas the two-
channel hypothesis that the PC cells are only for ﬁne spatial details,
and that color vision is mediated by type II cells in the koniocellu-
lar pathway, has been proposed recently (Calkins & Sterling, 1999;
Rodieck, 1991). Based on the double duty hypothesis, the deterio-
ration of color vision in the periphery can be attributed to the ran-
dom wiring between cones and retinal ganglion cells (Shapley &
Perry, 1986). However, the residual color sensitivity to proper
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O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636 623stimulus conditions in the far periphery (Noorlander et al., 1983) is
inconsistent with the random wiring hypothesis.
The results of direct electrophysiological recordings of the ma-
caque retina remain controversial. Martin, Lee, White, Solomon,
and Rüttiger (2001) showed that the PC cells in the periphery still
respond well to isoluminant chromatic modulation. They rejected
the randomwiring hypothesis and insisted that PC cells are the ori-
gin of the red–green channel in color vision. However, Dacey
(1996) showed that the PC cells in the periphery codes the sum
of L and M cone responses and their color opponencies are lost,
which is consistent with the random wiring hypothesis. Solomon,
Lee, White, Ruttiger, and Martin (2005) recently reported that
about a quarter of peripheral PC cells were non-opponent even at
low temporal frequencies.
As noted above, there remains controversy about the mecha-
nisms of peripheral color vision. In particular, the effects of retinal
eccentricity and spatial scale on temporal characteristics are yet
unknown. Here we can present a working hypothesis that if a sin-
gle mechanism mediates both the luminance and chromatic chan-
nels, the effects of eccentricity on the temporal responses of the
luminance and chromatic channels will be consistent. On the other
hand, if the mechanisms of the luminance and chromatic channels
are separated in the early stage, the temporal responses of the
luminance and chromatic channels may not necessarily vary con-
sistently with eccentricity. The purpose of the present study is to
reveal the mechanisms of color vision by investigating the tempo-
ral characteristics of the chromatic channel in the periphery, and
their relationship with spatial scale.
In experiment 1, we measured the temporal responses to lumi-
nance and chromatic modulations both in the fovea and in the
periphery, and found two modes of response to chromatic stimuli.
A model to explain the difference in chromatic response is pro-
posed. The possibility of luminance artifacts in experiment 1 is
examined in experiment 2. A result in experiment 1 is reconﬁrmed
by another method in experiment 3. To test the generality of the
results in experiment 1, we investigated the temporal responses
of the chromatic channel with spatial patterns of various spatial
frequencies in experiment 4.0 200 400 600 800 1000
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Fig. 1. Monophasic and biphasic IRFs that have exactly the same tMTF. (a) IRFs. The
solid curve is non-minimum phase and biphasic, and the dashed curve is minimum
phase and monophasic. (b) The tMTFs of the IRFs in (a). The two curves are perfectly
overlapping with each other and only one of them is seen on the ﬁgure.2. General methods
2.1. Apparatus
Subjects observed the test stimuli presented on a CRT (Nanao
FlexScan T766; 100 Hz; 1024  768 pixels) through an aperture
opened on a white screen. The screen was a hemispherical dome
made of styrene foam in experiments 1, 2 and 3, and a hemicy-
lindrical dome made of white paper in experiment 4. The inner
surfaces of the screens were illuminated brightly and almost
uniformly to saturate the rods with four or eight approximated
D65 ﬂuorescent lamps (FL20S D-EDL-D65, Toshiba Lightech, To-
kyo, Japan; CIE 1931 (x, y)-chromaticity coordinates (0.315,
0.335)). The CRT was controlled by a video card (VSG2/4, Cam-
bridge Research Systems, Kent, UK) and a PC (Dimension V350,
Dell, Texas, USA).
2.2. Stimuli
The test stimuli were two brief (10–60 ms) ﬂashes modulating
in either luminance or chromaticity. The stimulus onset asyn-
chrony (SOA) of the two ﬂashes ranged from 10 to 2000 ms. In
experiments 1, 2 and 3, the test stimulus was a spatially uniform
disk, whose diameter was scaled with eccentricity according to
the cortical magniﬁcation factor (Rovamo & Virsu, 1979). In exper-
iment 4, the test stimulus was 10 in diameter and spatially mod-ulated as a Gabor patch of various spatial carrier frequencies (0.38–
3.79 cpd). The surround of the test stimulus was bright (>120cd/
m2) white for the entire visual ﬁeld. The eccentricities tested were
30 in the temporal visual ﬁeld for experiments 1, 2 and 3, or 10 in
the nasal visual ﬁeld for experiment 4.
2.3. Temporal double-pulse method
Many previous studies have measured contrast sensitivity to
ﬂicker with various temporal frequencies in the investigation
of temporal vision. However, a temporal modulation transfer
function (tMTF) provides information only about the amplitude,
not about the phase of the visual channel under investigation.
To estimate a temporal impulse response function (tIRF) from
a tMTF, most previous studies assumed that the channel was
minimum phase (Stork & Falk, 1987; Swanson, Ueno, Smith, &
Pokorny, 1987 e.g.). If a ﬁlter is known to be minimum phase,
you can derive the phase of the ﬁlter from its amplitude using
the Hilbert transform. However, the assumption of minimum
phase is not necessarily justiﬁed for visual systems (Victor,
1989). Here we can show two tIRFs that have exactly the same
tMTF (Fig. 1). One is minimum phase and monophasic, but the
other is non-minimum phase and biphasic. It cannot be deter-
mined whether a tIRF is monophasic or biphasic even if its tMTF
is known, unless its phase information is given.
624 O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636In addition, the stimuli in the peripheral visual ﬁeld with strict
ﬁxation fade out in a short time (Troxler, 1804). Troxler’s effect is
widely known for stationary stimuli, but even ﬂickers are subject
to this effect when they are presented with a constant temporal
frequency (Anstis, 1996). Applying a temporal window to the ﬂick-
er might prevent Troxler’s effect, but such a solution deteriorates
the temporal frequency selectivity of the ﬂicker.
In the present study, we measured the temporal summation of
double ﬂashes (Burr & Morrone, 1993; Granit & Davis, 1931; Ikeda,
1965; Shinomori &Werner, 2003; Uchikawa & Yoshizawa, 1993) to
investigate the temporal characteristics of the luminance and chro-
matic channels. Pulses are inherently transient, and therefore ex-
pected to be invulnerable to Troxler’s effect in the periphery.
We can estimate the tIRFs from the data in temporal summa-
tion directly in the temporal domain, and then take the Fourier
transform to calculate the tMTFs in the frequency domain. We
measured detection thresholds in temporal summation, and it is
thought to be valid to assume small-signal linearity to the data ob-
tained in threshold level.100 101 102 103
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Fig. 2. Temporal summation of double ﬂashes in the case of subject OM. The ordinate r
between the two pulses. The ﬁlled and open symbols represent results of double-pulse an
results in the fovea and in the periphery, respectively. The solid and dotted lines represe
pair (DI + DI). (b) Incremental and decremental pulse pair (DI + DD). (c) Red and red p
diamond symbols correspond to incremental (DI) single pulse thresholds and the ‘’ an
square and diamond symbols correspond to red (DR) single pulse thresholds and the ‘’
square and ‘’ symbols correspond to the foveal condition and the diamond and ‘+’ symMinimum phase has been assumed for the sake of convenience
in calculating tIRFs from tMTFs, and has little empirical validity. On
the other hand, the assumptions that we used in the present study
to derive IRFs from the summation data have been validated by
many previous empirical studies.
2.4. Procedure
Subjects were ﬁrst dark adapted for 5 min, then light adapted to
the stimulus for 3 min. Two sessions of experiments were con-
ducted in succession. The subject voluntarily started each trial by
pressing a button. A pair of pulses was presented with a certain
SOA (10–2000 ms) between two beeps separated by 3000 ms
(experiment 1) or 2500 ms (experiments 2–4). The subject an-
swered whether he had seen any ﬂash between the beeps. The
intensity of the pulses in each trial was controlled by a multiple-
series yes/no staircase method. Each staircase series of an SOA con-
dition was continued until the reversal of the series exceeded 3. All
the series were randomly interwoven in a session. After each100 101 102 103
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nt the prediction by a model described later. (a) Incremental and incremental pulse
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O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636 625experiment, the responses from all sessions were put together and
the 50% response threshold intensity was estimated for each SOA
with Probit analysis (Finney, 1971). All the experiments were
undertaken with the understanding and written consent of each
subject.Monophasic
Biphasic
Intensity
Time
Monophasic
Biphasic
Intensity
Time
Observer's
Response
OR Gate
Threshold DeviceLinear Filter
Monophasic
Biphasic
Input
θ
θ
Fig. 3. Parallel two-channel color vision model. (a) Block diagram. The sensory
input is forked into two parallel internal channels. Each inner channel has a linear
ﬁlter followed by a threshold device. The observer’s response is the logical ‘‘or” o
the outputs of the two threshold devices. (b) In this case, an in-phase pulse pair is
input. In the monophasic internal ﬁlter, two pulses are always combined, but in the
biphasic internal ﬁlter, two pulses cancel each other at a certain SOA. (c) In this
case, an out-of-phase pulse pair is input. In the monophasic internal ﬁlter, the two
pulses always cancel each other, but in the biphasic internal ﬁlter, two pulses are
combined at a certain SOA.3. Experiment 1: the temporal responses of the luminance and
chromatic channels in the peripheral visual ﬁeld
3.1. Methods
Subjects observed the test stimuli through an aperture placed at
the center of a hemispherical dome (radius 40 cm) with their right
eyes. The CRT was placed 50 cm behind the aperture. The inner
surface of the dome was illuminated by 4 ﬂuorescent lamps and
its luminance and CIE 1931 (x, y)-chromaticity coordinates were
120cd/m2 and (0.318, 0.339), respectively. The diameter of the
aperture was 1 in the foveal condition or 10 in the peripheral
condition. In the foveal condition, the subject ﬁxated at the center
of the test stimulus, and accommodated to the edge of the aper-
ture. In the peripheral condition, the subject ﬁxated at a black disk
placed 30 to the left of the center of the test stimulus.
The background color of the test stimulus was (0.420, 0.503) in
CIE 1931 (x, y)-chromaticity coordinates, and 50cd/m2 in lumi-
nance. A luminance ﬂash was either an increase (DI) or decrease
(DD) in luminance with the modulation ratio of the R primary to
the G primary kept constant. A chromaticity ﬂash was made by
shifting the chromaticity with the total luminance kept constant.
For a red pulse (DR), the luminance of the R primary was increased
and that of the G primary was decreased at the same time. A green
pulse (DG) was made in the same way but in the opposite direc-
tion. The modulation ratio of the R and G primaries were adjusted
for each subject and for each eccentricity based on ﬂicker photom-
etry, performed in advance. The thresholds for single ﬂashes of
each type were also measured in the main sessions.
The paired ﬂashes were combined in four different ways: (i)
DI +DI: the luminance of both ﬂashes were increased. (ii) DI + DD:
the luminance of the ﬁrst pulse was increased, but that of the sec-
ond was decreased. (iii) DR + DR: the chromaticity of both ﬂashes
was modulated to red. (iv) DR + DG: the chromaticity of the ﬁrst
pulse was modulated to red, and the second to green. When the
types of the ﬁrst and the second pulses were different (in the cases
of DI + DD and DR + DG), the modulation ratio of the ﬁrst to the
second was scaled according to the preliminarily measured thresh-
old for single ﬂashes of the same type. The pulse duration of a ﬂash
was 10 ms for a luminance ﬂash in both the foveal and peripheral
conditions. The pulse duration of a chromaticity ﬂash in the foveal
condition was 20 ms for all subjects, but that in the peripheral con-
dition was 20 ms for subject OM and 40 ms for the other two
subjects.
Three subjects, OM (one of the authors, 32 years old), TN (23
years old), KK (22 years old); who participated in the experiment
and were male with color-normal vision and normal or cor-
rected-to-normal acuity. TN and KK were naive to the purpose of
the experiment.
3.2. Results
The results for the subject OM are shown in Fig. 2. Similar re-
sults were obtained for the other subjects. The ordinate represents
the reciprocal of the threshold (rTH) of a ﬂash. The threshold was
deﬁned as the amount of luminance change for the ﬁrst pulse in
a pair that caused 50% response on the subject. For a luminance
pulse, the amount of luminance change was the sum of the lumi-
nance changes for the R and G primaries. For a chromaticity pulse,the threshold was expressed in terms of the luminance change of
the R primary, and the G primary was changed in the opposite
direction so that there was no net luminance change. The abscissa
represents the SOA between the two ﬂashes. The ﬁlled symbols
correspond to double ﬂashes, and the open symbols to single
ﬂashes. The symbols ‘+’ and ‘’ correspond to the single pulses of
the same type as the second pulse in the double ﬂashes. The single
ﬂashes were plotted at the rightmost position of each graph. The
diamond and ‘+’ symbols represent the results in the foveal condi-
tion, and the square and ‘’ symbols in the peripheral condition.
The solid and dotted curves represent the ﬁt of a model described
later for each condition.
The rTHs for pulse pairs DI +DI and DR +DR were higher at
shorter SOA, which means that the internal responses elicited by
these pulses were summed to evoke a strong total response in
the visual system. At the shortest SOA, the rTHs for DI +DI and
DR + DR were almost twice that of the corresponding single pulses
(perfect summation). On the other hand, the rTHs of the pairs of
the opposite pulses (DI + DD and DG + DG) were small at shorter
SOAs, which means that the internal response elicited by these
opposite pulses canceled each other and the total response became
weak.
At longer SOAs, the rTHs tended to approach an asymptotic
constant level, which means that the two pulses were indepen-
dent of each other and had no actual interaction (probability
summation). At the middle SOA (40 ms for the foveal and 20 msf
626 O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636for the peripheral condition) in DI + DI, the rTHs became lower,
which means that the internal responses to the two pulses can-
celed each other. The rTHs became higher for DI + DD at the
SOA of 40–60 ms for the foveal and 30 ms for the peripheral con-
dition, which means that the internal responses to the two pulses
summed together.
These results mean that the response to a luminance pulse has a
negative or inhibitory lobe. The result of DR + DR shows monoto-
nous shift with SOA from perfect summation to probability sum-
mation, which means that the response to these chromatic
pulses was monophasic and had no negative or inhibitory phase.
The result of DR + DG resembles that of DI + DI, which means that
the response to these chromatic pulses had a negative or inhibitory
phase.
3.3. Discussion
In the result of DI +DI, the trough in the rTH appears earlier for
the peripheral condition (20 ms) than for the foveal condition
(40 ms). A similar result was obtained for DI + DD. The peak in
the rTH for the peripheral condition (30 ms) appears earlier than
for the foveal condition (40–60 ms). These results suggest that
the response of the luminance channel is faster in the periphery
than in the fovea.
The temporal integration of the same-chromatic pulse pair
(DR + DR) did not show an inhibitory phase but that of the comple-
mentary-chromatic pulse pairs (DR +DG) did. This discrepancy has0 100 200 300 400 500
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Fig. 4. Estimated impulse responses of subject OM. (a) DI + DI. (b) DI + DD. (c) DR + DR.
accelerated regardless of the combination of the pulse pair. In contrast, in chromatic cobeen reported by Uchikawa and Yoshizawa (1993). Here we found
it again, even in the periphery. The temporal response to a chro-
matic pulse in the periphery lasts longer than that in the fovea
as shown in Fig. 2c. On the other hand, the peak in the temporal
response to complementary-chromatic pulse pairs in the periphery
appears earlier than that in the fovea (Fig. 2d). The convergence of
the temporal response to the asymptotic probability summation
level is earlier for the peripheral condition than for the foveal con-
dition. These results suggest that the temporal response of the
chromatic channel in the periphery is slower for same-chromatic
pulse pairs, but faster for complementary-chromatic pulse pairs.
It seems reasonable to deduce that these disagreements may re-
ﬂect the responses of two different internal channels in the chro-
matic mechanism.
3.3.1. Parallel two-channel color vision model
Here we propose a model shown in Fig. 3. In this model, there
are two internal channels; one is temporally monophasic and the
other biphasic. When either of the responses from these channels
reaches a threshold level, the observer detects the stimulus. When
a same-chromatic pulse pair comes to these channels the re-
sponses to each pulse in the monophasic channel always sum to-
gether and the total response is larger than that to a single pulse.
On the other hand, those in the biphasic channel cancel each other
at a certain SOA and the total response in the biphasic channel is
smaller to that in the monophasic channel. Thus only monophasic
characteristics are observed.0 100 200 300 400 500
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(d) DR +DG. In luminance conditions, (a) and (b), the IRFs in the periphery are both
nditions, the IRFs in the periphery are either decelerated (c) or accelerated (d).
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channels, the responses to each pulse in the monophasic channel
always cancel each other, and the total response is smaller than
that to a single pulse. However, those in the biphasic channel
sum together at a certain SOA, and the total response in the bipha-
sic channel is larger than that to a single pulse. Thus, only biphasic
characteristics are observed.
3.3.2. Impulse responses
The impulse response functions (IRFs) of each channel were
estimated as shown in Fig. 4 with a method based on Uchikawa
and Yoshizawa (1993). An IRF h(t) is assumed to be a train of n-
stage low pass ﬁlters (LPFs) Hi(t)
hðtÞ ¼ k
X
i
Uðt  diÞHiðt  diÞ; ð1Þ
where U(t) is Heaviside’s unit step function and
HiðtÞ ¼ Ai=siðt=siÞni1 exp ðt=siÞ½ = ni  1ð Þ!:
The total response R(t) by the input stimulus I(t) is the convolu-
tion of the input with the IRF h(t)
RðtÞ ¼
Z t
0
hðt  t0ÞIðt0Þdt0:  0 100 101 102
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Fig. 5. Frequency analysis of the IRFs to DR + DR. (a) The amplitudes of the IRFs in
Fig. 4 obtained by Fourier transform. (b) The ratio of the amplitude of the IRF in
the fovea to that in the periphery. At lower frequencies, the difference between the
fovea and the periphery is small, but at higher frequencies, the amplitude in the
fovea is much higher than that in the periphery.The observer’s detection probability P is determined by Watson
(1979)’s model of probability summation over time
P ¼ 1 exp 
Z T
0
RðtÞj jbdt
 
:
The parameters in the model were determined to minimize the
sum of the squared errors between the measured and the esti-
mated thresholds at each SOA using simulated annealing (Kirkpa-
trick, Gelatt, & Vecchi, 1983). The parameter k in h(t) is
determined as the mean of the values that make the detection
probability (P) 50% at each SOA. Based on the model described in
Fig. 3, a monophasic internal channel is assumed for the DR + DR
condition, and a biphasic internal channel is assumed for the
DR + DG condition. A biphasic channel is also assumed for the
DI + DD condition. On the other hand, for the DI + DI condition, a
biphasic channel was not suitable enough to ﬁt the small peak fol-
lowing the trough in the summation data. A triphasic channel was
assumed for the DI + DI condition, and a small excitatory lobe was
followed by the inhibitory lobe in the same way as Uchikawa and
Yoshizawa (1993).
In the estimated IRFs of the luminance channel (Fig. 4a and b),
the peaks and troughs appear at earlier times in the periphery than
in the fovea, which means that the luminance channel becomes
faster in the periphery. The IRF to a same-chromatic pair (DR +DR)
is slower in the periphery than in the fovea (Fig. 4c). However the  0 100 101 102
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Fig. 6. Frequency analysis of the IRFs to DR + DG. (a) The amplitudes of the IRFs in
Fig. 4 obtained by Fourier transform. (b) The ratio of the amplitude of IRF in
the fovea to that in the periphery. At lower frequencies, the difference between the
fovea and the periphery is large, but at higher frequencies, the amplitude in the
fovea is close to that in the periphery.
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Fig. 8. Temporal summation of a single chromatic pulse. The detection thresholds
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summation holds and the plot lies on the slope of 1. At long duration, the plot lies
on a constant asymptotic level. Subject OM. Foveal condition.
628 O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636IRF to a complementary-chromatic pair (DR + DG) is faster in the
periphery than that in the fovea (Fig. 4d). Both responses of mon-
ophasic and biphasic IRFs in the chromatic channels were smaller
in the periphery than those in the fovea, which suggests that the
chromatic channel in the periphery is deteriorated despite the
enlargement of stimulus size with M-scaling.
The IRF to DR +DR lasts longer in the periphery than in the fo-
vea, which suggests that the response of the channel in the periph-
ery is less deteriorated at lower temporal frequencies. To test this
idea, Fourier analysis was applied to the IRFs of DR +DR to obtain
the temporal modulation transfer function (tMTF) as shown in
Fig. 5a. The overall tMTF in the periphery is lower than that in
the fovea, but the difference between the two tMTFs is not con-
stant across temporal frequency. The peripheral tMTF is much low-
er at higher temporal frequencies, but the difference at lower
temporal frequencies is smaller. The ratio of the foveal and periph-
eral amplitudes is plotted with temporal frequency in Fig. 5b.
Similar analysis was applied to the IRFs of DR +DG as shown in
Fig. 6. The result was opposite of the case ofDR + DR. The decline of
amplitude in DR +DG was larger at lower temporal frequency and
smaller at higher temporal frequency. Such differences in the ef-
fects of eccentricity on frequency characteristics in DR + DR and
DR + DG support the model mentioned above: that the chromatic
mechanism has two channels that differ in temporal
characteristics.
We also estimated different IRFs for the luminance channel
depending on the polarity combination of the pulses. Triphasic IRFs101 102 103
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At long SOA, the two pulses should be independent of each
other, and the detection threshold of the pulse pair should asymp-
totically approach the probability summation level. However in
Fig. 2, the rTHs declined at SOAs longer than 1500 ms. This phe-
nomenon was found in almost all conditions regardless of the
pulse polarity combination or of eccentricity. Such a phenomenon
has not been observed in previous studies using the temporal dou-
ble ﬂashes technique. It seems unlikely that inhibitory interaction
occurred between two ﬂashes with such a long SOA.
Masuda and Uchikawa (2005) found that this phenomenon was
caused by Ganzfeld stimulation in the peripheral visual ﬁeld and
intentional tight ﬁxation. This phenomenon was found to be
diminished with a salient luminance edge surrounding the test
ﬁeld. We drew a circular luminance edge around the test stimulus
in the following experiments to reduce this Ganzfeld-like appear-
ance of the stimuli.
3.3.4. Luminance artifact
It was found in the results of the DR + DG stimuli that there was
a peak of the response function that could not be explained if the
chromatic response was monophasic. This peak appeared at short-
er SOA in the periphery than in the fovea. If the chromatic response
to DR + DG was accelerated in the periphery, it would contradicts
the result of DR +DR stimuli, which showed that the chromatic re-
sponse was decelerated in the periphery. The luminance responses
were found to be faster in the periphery than in the fovea regard-
less of the polarity combination of the stimulus pulses.
The peak SOA in the DR + DG response seemed to coincide with
the third peak SOA in DI + DI for each subject and for each eccen-
tricity as shown by Uchikawa and Yoshizawa (1993). In Fig. 2 the
peak in the DR +DG response appeared at SOAs of 160 ms (fovea)
or of 60 ms (periphery), which coincides with the SOA of the third
peak (160 ms in the fovea, or 60 ms in the periphery) in the DI + DI
response. With these results, there remains the possibility that the
peak in DR + DG response might be an artifact caused by some
luminance response. We conﬁrmed that the peak in the DR + DG
response reﬂected the chromatic response, and is not a luminance
artifact, as shown in experiment 2.
3.3.5. The deceleration of the chromatic response in the periphery
It seems inconsistent that the IRF to DR +DR is decelerated
while the IRF to DR +DG is accelerated in the periphery. The fact
that the IRF is accelerated in all other three conditions (DI + DI,
DI +DD, DR + DG) makes it doubtful that only the IRF to DR +DR
is decelerated in the periphery. However, we conﬁrmed it inexperiment 3 by comparing the critical durations for the detec-
tion of single chromatic pulses in the periphery to those in the
fovea.
3.3.6. Spatial pattern
In this experiment, we used only one pair of stimulus sizes
according to the M-scaling with no spatial pattern. We conﬁrmed
the generality of the result with patterned stimuli of various spatial
frequencies in experiment 4.
4. Experiment 2: possibility of luminance artifacts in the
response to complementary-chromatic pulse pairs
4.1. Methods
The same apparatus as in experiment 1 was used in this exper-
iment, and a 10 diameter ring was added around the test stimulus
to avoid a Ganzfeld-like appearance. The response criterion here
was whether any chromatic change was detectable. In addition,
to reduce the inﬂuence of the luminance response, the subject
adapted to luminance ﬂicker during the initial light adaptation
(3 min) and during every intermission between trials (at least
5 s). The adaptation stimulus was ﬂickered in its luminance con-
trast between 10% and 90% at a frequency of 12.5 Hz, which was
the frequency of ﬂicker photometry used to set isoluminance. In
this adaptational condition, only a sub channel around this tempo-
ral frequency may be adapted. In the other condition, the adapta-
tional stimulus was modulated randomly at the frame rate of
630 O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636100 Hz to make temporal white noise. In each trial (2500 ms), the
test stimulus stayed constant, except during pulse pair presenta-
tion. Two male subjects, OM and MS of 35 and 22 years old, respec-
tively, with normal color vision and normal or corrected-to-normal
acuity participated in the experiment. The subject MS was naive to
the purpose of the experiment.
4.2. Results and discussion
The results are shown in Fig. 7. The peak in the response to a
complimentary-chromatic pulse pair appeared again even after
the criterion was changed and the subject adapted to luminance
ﬂicker (a, b). The peak SOA was also earlier in the periphery than
in the fovea in this experimental condition (c). The peak inDR + DG
response appeared again even after adaptation to temporal white
noise (d). These results suggest that the peak in complementary-
chromatic DR +DG response is not an artifact caused by a lumi-
nance response but a genuine chromatic response.
The chromatic channel has been thought to have a monophasic
IRF, and its tMTF to be LPF in many studies using ﬂicker stimuli.
The peak in the response to a complementary-chromatic pulse pair
has also been found in previous studies (Eskew, Stromeyer, & Kro-
nauer, 1994; Uchikawa & Yoshizawa, 1993) at the fovea. The pres-
ent study conﬁrmed this also in the periphery. Burr and Morrone
(1993) concluded that the chromatic response was monophasic,
even to a complementary-chromatic pulse pair. However, their
model (Fig. 1D) failed to agree with the data at the intermediate
SOA range (around 100 ms). Effectively, their model had only three
free parameters. If they had used a more ﬂexible model to ﬁt the
data more closely, the resultant IRFs would have been biphasic.0.0
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Fig. 11. Temporal summation of complementary-chromatic Gabor patch double ﬂashes.
foveal condition. (d) Subject JT, peripheral condition. The response to a complementary-
periphery than in the fovea.5. Experiment 3: the deceleration of the chromatic response in
the periphery
5.1. Methods
The same apparatus was used as in experiment 2. We measured
the detection thresholds of single chromatic pulses (DR) with var-
ious durations (20–2000 ms). Subjects OM, TN and MM (35, 22 and
22 years old male, respectively, color normal, and normal or cor-
rected-to-normal acuity) were tested. The subjects TN and MM
were naive to the purpose of the experiment.
5.2. Results and discussion
A model with two asymptotic lines was ﬁtted to the data. Fig. 8
shows that complete temporal summation holds with shorter
duration and the threshold gets close to the asymptote of slope
1. When the duration is long, the threshold is constant. We de-
ﬁned the critical duration of temporal summation as the duration
at the crossing point of these two lines (Fig. 8). As shown in
Fig. 9, the critical durations in the periphery were longer than that
in the fovea for all subjects.
A long single chromatic pulse can be interpreted as two short
same-chromatic pulses with zero SOA. In this experiment we con-
ﬁrmed that the response to a single chromatic pulse integrated
longer in the periphery than in the fovea, which is consistent with
the idea that the response to a same-chromatic pulse pair deceler-
ates in the periphery. The temporal response to a same-chromatic
pair is fundamentally different from that to a complementary-
chromatic pair. One is monophasic and the other biphasic. In0.0
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sponse. These results are consistent with the parallel two-channel
color vision model we proposed in experiment 1.
6. Experiment 4: the effects of spatial frequency on the
chromatic responses
6.1. Methods
At each trial the test stimulus was modulated twice with an SOA
(20–2000 ms); spatially, as an isoluminant chromatic Gabor patch
(carrier spatial frequency 0.38–3.79 cpd) and temporally, as a brief
rectangular pulse (20–40 ms). In the same-chromatic condition,
the two patches were spatially in phase, thus the same spatial po-
sition in the test ﬁeld was stimulated by two ﬂashes of the same
intensity. In the complementary-chromatic condition, the two
patches were spatially counter-phased, so that a point in the test
ﬁeld was modulated by a complementary-chromatic pulse pair.
In the same-chromatic condition, the subject observed the test
stimuli presented on the CRT through an aperture (14  14)
placed in the center of a semi-cylindrical dome screen (radius:
90 cm) with his right eye only. The inner surface of the dome
was made of a white paper and was illuminated by eight D65 ﬂuo-
rescent lamps. The height of the screen was 180 cm. The luminance
of the screen was approximately 120 cd/m2. The CRT was placed
just behind the aperture so giving a surface reﬂection of 20 cd/m2.
The test stimulus was a yellow disk of 10 in diameter sur-
rounded by a black ring. The CIE 1931 (x, y)-chromaticity coordi-
nates of the disk were (0.497, 0.439) and the luminance was0 100 200 300 400 500
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Fig. 12. Estimated IRFs in the same-chromatic condition. (a) Foveal condition. (b)
Peripheral condition. The IRF model was assumed to be a single LPF.25 cd/m2 without the surface reﬂection. The thickness of the black
ring was 0.2. In the foveal condition, the subject ﬁxated at the cen-
ter of this ring. The surround of the disk was a uniform white ((x,
y) = (0.320, 0.339), 100 cd/m2) without the surface reﬂection. In
the peripheral condition, a white paper ﬁxation disk of 10 in
diameter with a black ring was put in the right side of the test
stimulus. The subject ﬁxated at the center of this disk, and the test
stimulus appeared at 10 nasal visual ﬁeld. The subject reported
whether he observed any ﬂash during the test. Thresholds of single
pulses were also measured for each spatial frequency condition.
The onset time of the single pulse was either 500, 1250, or
2000 ms from the beginning of a trial.
Three male subjects, OM, TF, KN who were 33, 22 and 37 years
old, respectively, with normal color vision and normal or cor-
rected-to-normal acuity participated in the experiment. The sub-
jects TF and KN were naive to the purpose of the experiment.
The CRT primary ratio for equiluminance was adjusted based on
ﬂicker photometry for each subject and for each eccentricity. The
ratio was not adjusted for each spatial frequency, but was con-
ﬁrmed to be almost the same for all the spatial frequencies tested.
The luminance artifacts caused by ocular chromatic aberrations are
not thought to be severe in these spatial frequencies (Bradley,
Zhang, & Thibos, 1992).  0 101 102
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Fig. 13. Frequency analysis of the IRFs in the same-chromatic condition. The
amplitudes of tMTFs were obtained by Fourier transform from the IRFs in Fig. 12. (a)
Foveal condition. (b) Peripheral condition.
632 O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636In the complementary-chromatic condition, the radius of the
semi-cylindrical dome was decreased to 45 cm to reduce the light
intensity to the CRT surface from the ﬂuorescent lamp illumination.
The aperture was a disk of diameter 10. The CRT was placed 45 cm
behind the aperture, thus the viewing distance of the test stimulus
was the same as that in the same-chromatic condition (90 cm). The
inner surface of the dome was illuminated by four ﬂuorescent
lamps and its luminance was about 200 cd/m2. The edge of the test10-1 100 101 102
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Fig. 14. sMTFs in the same-chromatic condition. (a) OM. 0 Hz. The foveal (diamond) a
peripheral (triangle) curve overlaps well with the foveal curve. (b) OM. 30 Hz. The perip
0 Hz. (d) TN. 30 Hz. (e) KN. 0 Hz. (f) KN. 30 Hz.stimulus was surrounded by eight small black notches to help ob-
server’s accommodation. Subjects OM and JT were male and 35
and 26 years old, respectively, and they had normal color vision
and corrected-to-normal acuity. The subject JT was naive to the
purpose of the experiment. The subject reported whether he ob-
served any chromatic ﬂash during the test. The CRT primary ratio
for equiluminance was adjusted based on ﬂicker photometry for
each subject, each eccentricity, and each spatial frequency.10-1 100 101 102
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nd the peripheral (square) curves are far away from each other, but the M-scaled
heral curve does not overlap well with the foveal one even after M-scaling. (c) TN.
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Fig. 16. The relative height of the peaks of the temporal integration curves in the
complementary-chromatic condition compared to the average height of the single
pulses plotted as a function of spatial frequency. At higher spatial frequencies, the
peak became weaker. (a) Subject OM. (b) Subject JT.
O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636 6336.2. Results
The results of the same-chromatic condition for the subject OM
are shown in Fig. 10. The ordinate represents the rTH and the ab-
scissa represents the SOA between the two pulses. Results of three
single pulses were plotted on the right. The rTH became smaller
monotonically with longer SOAs, which means that the temporal
response to a same-chromatic pulse pair was monophasic. The
rTH became smaller monotonically with spatial frequency, which
means that the spatial response was also monophasic. The rTHs
in the peripheral condition are lower than those in the foveal con-
dition of the same spatial frequency. The other subjects showed
similar results.
The results of the complementary-chromatic condition are
shown in Fig. 11. The peaks in inhibition phase were observed
for all the spatial frequencies tested, but became less prominent
as the spatial frequency increased. The overall rTHs decreased with
spatial frequency.
6.3. Discussion
The IRFs for the same-chromatic condition were shown for each
spatial frequency in Fig. 12. They were estimated with the method
described in the previous section. We assumed that the IRF was a
monophasic LPF. The tMTFs of these IRFs were calculated using
Fourier transform as in Fig. 13. Next, spatial modulation transfer
functions (sMTFs) were obtained by slicing the tMTFs at each tem-
poral frequency. The sMTFs for two temporal frequencies, 0 Hz and
30 Hz, are shown in Fig. 14.
In Fig. 14, the diamond symbols represent the sMTF in the fo-
veal condition and square symbols that in the peripheral condition.
The trianglular symbols are the sMTF for the peripheral condition,
laterally shifted according to the cortical magniﬁcation scale (fac-
tor of 4.4) for the 10 nasal visual ﬁeld. In the result at 0 Hz, the fo-
veal sMTF and the peripheral sMTF are far apart from each other,
but the M-scaled peripheral sMTF overlaps well with the foveal
sMTF. On the other hand, in the result at 30 Hz, the peripheral
sMTF does not overlap well with the foveal sMTF even after M-
scaling.
The mean of the squared error of the M-scaled peripheral sMTF
relative to the foveal sMTF at each overlapping point of spatial fre-
quency is shown in Fig. 15. The error is larger at higher temporal
frequencies than at lower temporal frequencies, which conﬁrms  0 100 101 102
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Fig. 15. Squared relative error of the M-scaled peripheral sMTF compared to the
foveal sMTF in the same-chromatic condition. The error was smaller at lower
temporal frequencies, but became larger with temporal frequency. Each curve
represents a subject.that the response of the peripheral chromatic channel to the
same-chromatic pulse pair deteriorates at higher temporal fre-
quencies even though the stimulus size was compensated in the
periphery. On the other hand, the response at lower temporal fre-
quencies was not deteriorated when the spatial scale was properly
compensated. This result is consistent with that for same-chro-
matic pairs in experiment 1.
We derived the IRFs in Fig. 12 using only one LPF based on the
model from Eq. (1), which means that the estimated IRFs are re-
stricted to be minimum phase. We repeated the analysis using
the IRF model by Burr and Morrone (1993), which is not restricted
to minimum phase. We obtained the same results with both IRF
models.
If the inhibition phase, found in the temporal response to a
complementary-chromatic pair (Fig. 11), is caused by lateral inhi-
bition within a mechanism with a ﬁxed spatial scale (e.g. a recep-
tive ﬁeld), deterioration of the inhibition phase is expected at
higher spatial frequencies. The height of the peak in the rTH for
the double pulse is plotted relative to that for the single pulse as
a function of spatial frequency in Fig. 16. The peak tend to be weak-
er at higher spatial frequencies, which suggests that the inhibition
phase is caused by lateral inhibition in the center-surround organi-
zation of a receptive ﬁeld. This result is consistent with previous
studies. Uchikawa and Yoshizawa (1993) and Eskew et al. (1994)
found biphasic response to complementary-chromatic pairs using
spatially uniform stimuli with no pattern. On the other hand, Burr
and Morrone (1993) used a one cycles per deg sinusoidal pattern
and reported no inhibition phase.
634 O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636The sMTFs of the complementary-chromatic condition for two
temporal frequencies, 0 Hz and at 20 Hz, are shown in Fig. 17. At
0 Hz, the peripheral MTFs (square and triangle) overlap poorly
with the foveal MTF (diamond) both before and even after M-scal-
ing. On the other hand at 20 Hz, the M-scaled MTF overlaps well
with the foveal one. The squared error of the M-scaled peripheral
sMTF relative to the foveal sMTF was plotted against temporal fre-
quency in Fig. 18. The error tended to be higher at lower temporal
frequencies and is lower at higher temporal frequencies. This result
is consistent with that for complementary-chromatic pairs in
experiment 1. The sensitivity of the biphasic channel to a comple-
mentary-chromatic pair is preserved in the periphery at higher
temporal frequencies with its spatial frequencies scaled by M-
scaling.
The ﬁndings in experiment 1 were conﬁrmed consistently
among various spatial scales in general. The fact that the chromatic
responses are very different depending on the polarity combina-
tion of a pulse pair stimulus suggests that these reﬂect two distinct
internal mechanisms in the chromatic channel.
7. General discussion
7.1. Psychophysical mechanisms
In the present study we tested the spatiotemporal properties of
the chromatic channel in the peripheral visual ﬁeld by measuring10-1 100 101
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Fig. 17. sMTFs in the complementary-chromatic condition. (a) OM. 0 Hz. The peripheral
(triangle). (b) OM. 20 Hz. The peripheral curve does not overlap well with the foveal ontemporal summation of double ﬂashes. The response of the chro-
matic channel to a same-chromatic pulse pair in the periphery is
comparable to that in the fovea at lower temporal frequencies.
The chromatic response to a complementary-chromatic pulse pair
at higher temporal frequencies was not degraded in the periphery.
The previous studies have shown that the temporal response is
either monophasic or biphasic depending on the polarity combina-
tion of a stimulus pulse pair, same-chromatic or complementary-
chromatic (Eskew et al., 1994; Uchikawa & Yoshizawa, 1993).
The present study found that the same temporal properties exist
even in the peripheral visual ﬁeld, and that the effect of eccentric-
ity on these temporal properties are also different depending on
the combination of pulses. It seems reasonable to consider that
these very different properties reﬂect two distinct mechanisms
rather being different proﬁles of a single mechanism. The parallel
two-channel color vision model, proposed in experiment 1, could
account for the results in the present study.
7.2. Physiological correlates
In the primate visual system, two distinct pathways, the parvo-
cellular pathway and the magnocellular pathway, are known to
pass from the retina through the LGN to the primary visual cortex
(V1). It has been widely accepted that the cells in the parvo-
cellular pathway (P cells), which have type I center-surround spa-
tially antagonistic receptive ﬁelds, convey both luminance and10-1 100 101
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O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–636 635chromatic information (double duty hypothesis). However, a third
pathway, the koniocellular pathway, was recently found to medi-
ate chromatic information. The cells in the koniocellular pathway
(K cells) have type II spatially non-antagonistic receptive ﬁelds
and convey only chromatic and not luminance information. There
are 6 layers (K1, K2,   , K6) of K cells in the LGN. All 6 layers have
innervation to the CO-rich blob in V1. The cells in the K3 and K4
layers are known to be S–ON cells (Hendry & Reid, 2000), but the
function of the other cells must still be investigated. It is known
that there is more variability in the response properties among K
cells compared to the other two classes (White, Solomon, & Martin,
2001).
The two-channel hypothesis insists that the role of P cells is to
convey luminance information, and that chromatic information is
conveyed by K cells. Here we propose a hybrid model that the bi-
phasic chromatic response to complementary-chromatic pairs is
taken by type I cells in the parvocellular pathway. The monophasic
chromatic response to same-chromatic pairs is taken by type II
cells in the koniocellular pathway as shown in Fig. 19. The results
that the inhibition phase of the biphasic response to a complemen-
tary-chromatic pair is diminished at higher spatial frequencies is
consistent with the center-surround receptive ﬁeld organization
of type I cells in the parvocellular pathway. The result that the tem-
poral response to a complementary-chromatic pair have the same  0 100 101 102
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Fig. 18. Squared relative error of the M-scaled peripheral sMTF compared to the
foveal sMTF in the complementary-chromatic condition. The error was larger at
lower temporal frequencies, but smaller at higher temporal frequencies. (a) Subject
OM. (b) Subject JT.
Fig. 19. The schematic model of the color vision mechanism that integrates the
double duty hypothesis and the two-channel hypothesis. The type I retinal ganglion
cells (RGCs) are temporally biphasic and innervate to the parvocellular layers (P
layers) in the lateral genuculate nucleus (LGN). The type II RGCs are temporally
monophasic and innervate to the koniocellular layers (K layers) in the LGN. The
interblob in the primary visual cortex (V1) accepts input from only the P layers, and
contributes to the perception of form. The blob in the V1 accepts input from both P
and K layers and mediates the perception of color. In this diagram, the RGCs of
opposite polarity (type I – L/+L + M and type II – L + M) are omitted.tendency with eccentricity as that to a luminance pair is consistent
with the double duty hypothesis that chromatic and luminance
information are conveyed in a single channel.
On the other hand, the monophasic response to a same-chro-
matic pair was decelerated in the periphery, which is consistent
with the two-channel hypothesis that chromatic and luminance
information are conveyed in distinct channels. The S–ON K cells
in the K3 and K4 layers accept input from small-bistratiﬁed
ganglion cells in the retina. The L–M type II cells have been re-
ported physiologically in the LGN (Dreher, Fukada, & Rodieck,
1976; Wiesel & Hubel, 1966) and in the retina (DeMonasterio,
1978; DeMonasterio & Gouras, 1975). These cells are thought
to have bistratiﬁed morphology (Rodieck, 1991). Dacey, Peter-
son, Robinson, and Gamlin (2003) also recently found at least
8 new morphologically distinct ganglion cell classes other than
the well-known magnocellular, parvocellular and small-bistrati-
fed cells, and their physiological functions have yet to be
investigated.
It is known that cells in the magnocellular pathway (M cells) are
not silenced by isoluminant chromatic ﬂicker, but have frequency
doubled responses (Lee, Martin, & Velberg, 1989). The inhibition
phase of the biphasic response to a complementary-chromatic
pulse pair might be caused by the frequency doubled responses
of the M cells. However, the biphasic response appeared even after
adaptation to luminance ﬂicker, and even when the detection cri-
terion was whether any chromatic change was observed. It does
not seem plausible to refer the biphasic response we found to
the M pathway. Directly recorded, the temporal response of the P
cells to isoluminant chromatic modulation is biphasic and can be
modeled by linear combination of the responses to cone-isolating
stimuli (Benardete & Kaplan, 1999), which is consistent with our
model.
636 O. Masuda, K. Uchikawa /Vision Research 49 (2009) 622–6368. Conclusions
We have measured the temporal summation of double
ﬂashes. The temporal response was found to be accelerated both
to a luminance pulse pair and to a complementary-chromatic
pulse pair, while the response to a same-chromatic pair was
decelerated in the peripheral visual ﬁeld. By spatial compensa-
tion of the stimulus based on M-scaling, the response to a
same-chromatic pair at lower temporal frequencies in the
periphery shows sensitivity comparable to that in the fovea.
The response in the periphery also shows sensitivity to comple-
mentary-chromatic pairs at higher temporal frequencies compa-
rable to that in the fovea. The fact that the effect of eccentricity
on the temporal chromatic response depends on the combination
of a pulse pair suggests that two distinct internal channels are
arranged in parallel in the chromatic mechanism. The peak in
the summation of a complementary-chromatic pair declined
with spatial frequency, which suggests that the inhibition phase
in that response is caused by the lateral inhibition of the center-
surround receptive ﬁeld. The double duty hypothesis and two-
channel hypothesis could be integrated by attributing the mon-
ophasic response to the koniocellular pathway and the biphasic
response to the parvocellular pathway.
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